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High speed optical interconnect holds the key to the future Internet revolution; optical fibers have 
replaced traditional copper wires over long distances within data centers and high performance 
computing (HPC) due to their speed and reliability. With the increasing demand for high speed 
data transmission in data center and cloud computing applications, the development of optical 
transceivers has become indispensable. To complement high speed transmitters in optical links, 
high speed receiver devices, known as photodetectors, need to be designed properly so as not to 
present a bottleneck in the performance of optical links. With the aid of microwave modeling, we 
can characterize the performance of the photodetector and therefore improve the devices. This 
work will present the quantitative design and analysis of the P-i-N photodetector which is capable 
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The increasing demand for high speed data transmission in data center and cloud computing 
applications promotes the development of optical interconnects. A forecast of traffic growth in 
data centers from Cisco shown in Fig. 1 predicts that there will be 14.1 zettabytes (1021 bytes) of 
data transmission by 2020. Optical interconnects are massively deployed to accommodate the 
elevated traffic growth in data centers as they provide better performance compared to traditional 
copper cables in high speed data transmission. Traditional electrical cables have two inherent 
weaknesses compared to optical interconnects. First, the parasitic capacitance and resistance in 
electrical cables will rise when scaling down and therefore they have longer RC time constant 
which causes more delay in data transmission. Second, skin effect and cross talk both introduce 
unfavorable noise and interference during signal transmission at high frequency. On the other 
hand, optical fiber does not suffer from electrical signal delay, and has higher bandwidth and less 
signal loss. Figure 2 shows that compared to electrical cables, optical cables have less attenuation 
and are free from adverse effects of high frequency, making them more favorable for use as a high 
speed transmission medium. 
    A typical fiber-based optical interconnect consists of three parts as shown in Fig. 3: an optical 
transmitter, fiber as the transmission medium, and an optical receiver. The transmitter comprises 
a laser diode driver (LDD) and vertical cavity surface emitting laser (VCSEL). The VCSEL is 
most widely used today especially in short reach applications due to its low power consumption 
(low threshold current) and high bandwidth. On the other end, the receiver is assembled from a 
photodetector, transimpedance amplifier (TIA) and limiting amplifier (LA). LA protects the 
circuits by limiting the amplitude of the input signal before it enters into the following stages. TIA 
acts as an element to convert current into voltage signal. In terms of the photodetector in the 




     
 




        Figure 2:  Electrical and optical interconnect  






























1.2 Principles of P-i-N photodetector 
 
    A schematic of a P-i-N junction with its energy band diagram is shown in Fig. 4. When light 
with photon energy larger than the energy gap is absorbed in the intrinsic region, electron-hole 
pairs are generated in the junction. For high speed operation, we want to transport the 
photogenerated carriers to the corresponding contacts as quickly as possible. This process is 
facilitated by applying a reverse bias to the junction, inducing a high electric field in the depleted 
intrinsic region which sweeps the carriers at the saturation drift velocity. The speed of the P-i-N 
photodetector is determined by two factors: transit time delay and RC charging time. Transit time 
corresponds to the delay that photogenerated electrons and holes need to reach the n and p contacts. 
Since electrons and holes are generated in pairs, we need to consider the saturation velocity of 
electrons and holes when characterizing the bandwidth limited by the transit time delay. Assuming 




where 𝛼 is the absorption coefficient of the material, the light is absorbed inside the intrinsic region 
only. Furthermore, since the light is shined on the intrinsic layer as a series of pulses with time 
variation, we can assume a uniform generation with respect to transit time delay and the frequency 
limited by transit time delay for simplicity. By solving the continuity equation for both electrons 
and holes with the uniform generation function, substituting any terms relevant to holes in terms 
related to electrons with scaling constants, we can obtain the expression shown below with the 
definition of the worst case transit time delay equal to total intrinsic layer thickness divided by the 






Therefore, we know transit time delay is relevant to the saturation velocity of electrons, which 
is assumed constant with the applied field in the intrinsic layer, and the thickness of the intrinsic 
layer (𝑇𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐). The constant before saturation velocity comes from the half-power solution in 
frequency response. When the square of the magnitude of frequency response equals 
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find a solution of 𝜔𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡 ,where 𝜔 (𝜔 = 2𝜋𝑓3𝑑𝐵,𝑡𝑟𝑎𝑛𝑠𝑖𝑡) is the angular frequency, and then 
substitute 𝜏𝑡𝑟𝑎𝑛𝑠𝑖𝑡 as defined earlier to extract this scaling constant.  
    Based on the expression, the simulation of transit time delay limited bandwidth from 15 GHz to 
50 GHz versus different aperture sizes and thickness of intrinsic layer is shown in Fig. 5. In order 
to increase the bandwidth, the thickness of the intrinsic layer needs to be decreased, which reduces 
the time for electrons and holes to drift through the intrinsic layer. The second factor limiting the 
bandwidth of P-i-N photodetector is the RC charging time which comes from the change of storage 
charge in the junction. The parasitic components contributing to the RC time constant are series 
resistance in diode (𝑅𝑆), load resistance (𝑅𝐿), parasitic pad capacitance (𝐶𝑝), and junction 





    Figure 6 shows the simulation based on the expression above with bandwidth ranging from 10 
GHz to 50 GHz with different aperture sizes and thickness of the intrinsic layer. Assuming 𝑅𝐿 = 
50 Ω and 𝐶𝑝 = 25 𝑓F, we can see that in order to increase the bandwidth, we can either shrink the 
      










  Figure 5: Transit time delay limited bandwidth 
  vs. different aperture diameters and thickness 










• 𝑇𝑖𝑛𝑡𝑟𝑖𝑛𝑠𝑖𝑐: intrinsic layer thickness 
• 𝜖𝑠: dielectric constant for material 






























Transit Limited BW Vs. PD Dimensions (RL = 50 Ohm, Cp = 25fF)










𝒇𝟑𝒅𝑩,𝒕𝒓𝒂𝒏𝒔𝒊𝒕 from 15 GHz to 50 GHz 
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aperture size or increase the thickness of intrinsic layer, which reduces the RC time constant. In 
order to get the total bandwidth of P-i-N photodetector, we need to consider the sum of both delays 
















             Figure 6: RC charging time limited bandwidth 
             vs. different aperture diameters and thickness     




     Figure 7: Total bandwidth vs. different aperture  
     diameters and thickness of intrinsic layer [6] 
 
 
    Figure 7 shows the contours of total bandwidth from 10 GHz to 50 GHz. There is a trade-off in 
either continuing increase the aperture size or decrease the thickness of intrinsic layer. For our 
target value of 50 Gb/s data rate, the approximate bandwidth of 25 GHz needs to be achieved; 
therefore, our P-i-N photodetector has an optimal design of 0.75 𝜇m in the thickness of intrinsic 









































































RC Limited BW Vs. PD Dimensions (RL = 50 Ohm, Cp = 25fF)






























































BW Vs. PD Dimensions (RL = 50 Ohm, Cp = 25fF)










𝒇𝟑𝒅𝑩,𝒕𝒐𝒕𝒂𝒍 from 10 GHz to 50 GHz 
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2. Characterization and modeling of P-i-N photodetector 
After the fabrication is finished, we then perform surface illumination on the aperture indicated 
in Fig. 8 and measure the performance of the device. The measurement of the P-i-N photodetector 
includes measuring the output current from the photodetector as well as the frequency response, 
which are the two important measurements in photodetector characterization. Figure 9 shows the 
block diagram and setup for the measurement. We first measure the optical power from our 
VCSEL with a calibrated optical power meter, then couple the light from the VCSEL to our P-i-N 
photodetector with optical fibers and a lightwave probe. We then measure the output current from 
the photodetector and find the ratio of photocurrent to the available power from the VCSEL (with 
unit of A/W) to characterize the responsivity of P-i-N photodetector. We can use the same setup 
in bandwidth measurement with the aid of Keysight network analyzer and we can measure the 3dB 
bandwidth of our P-i-N photodetector. Figure 10 shows the microwave small signal model for the 
P-i-N photodetector for the bandwidth de-embedding and junction capacitance extraction. One-
port s-parameter measurements are taken using a Keysight network analyzer using off-wafer 
calibration standards and on-wafer short-open de-embedding. The model is simulated using 


























































    Fitted small signal model parameters of the P-i-N photodetector are given in Table 1 with 
different mesa diameters. In particular, we are interested in the capacitor C3 which represents the 
photodiode junction capacitance. A plot of fitted C3 against the junction area in Fig. 11 shows a 




























Table. 1: Fitted small-signal model parameters of P-i-N photodetector with various mesa diameters 
 
Diameter C1 (fF) C3 (fF) L1 (pH) R1 (Ω) R2 (Ω) R3 (kΩ) 
48 𝝁m 72.55 283.6 63.7 702.5 2.92 15.2 
38 𝝁m 71.29 170.05 74.63 666.26 2.46 14.55 
28 𝝁m 74.16 135.07 79.19 577.91 2.37 17.25 








    After de-embedding the bandwidth of the P-i-N photodetector from the VCSEL, we can obtain 
the bandwidth of the photodetectors with various diameters shown in Fig. 12. The results indicate 
that in order to achieve higher bandwidth of the photodetector, we need to design smaller diameters 









































18𝝁m (29.93 GHz) 
28𝝁m (18.73GHz) 
38𝝁m (11.21 GHz) 




3. Conclusion and future work 
 
    The P-i-N photodetector has the advantages of easy fabrication and low noise, making it as great 
candidate to be used in the receiver of optical interconnects. With the high electrical field inside 
the intrinsic layer, photocurrent can be generated at the speed which is determined by transit time 
delay and RC charging time. In the development of P-i-N photodetectors, characterization through 
the microwave measurement and optical coupling is significant in order to help identify the optimal 
performance of the device and critical parameters for further improvement. However, from the 
results shown in this work, we know there is a trade-off between bandwidth and responsivity: if 
we want to achieve higher bandwidth (lower junction capacitance), we must design a photodetector 
with smaller aperture size; therefore, we will not have decent responsivity due to the small amount 
of light that is able to come into the aperture. In order to overcome this trade-off, it is necessary to 
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